Interactions between modern environments and strong biological mechanisms favoring energy storage have contributed to a dramatic increase in the prevalence of obesity over the past three decades (1) . In humans and rodents, responses to weight reduction include reduced energy expenditure per unit of metabolic mass and increased hunger (2) (3) (4) (5) (6) . These responses favor recidivism to obesity (7) .
Recent studies in rodents and humans implicate gut microbiota in energy homeostasis (reviewed in ref. 8) . Sequencebased studies have highlighted differences in gut microbial community composition between obese and lean humans (9) and mice (10, 11) . Altered gut microbial communities can impact host body weight in several ways. For example, compared to lean animals, mice rendered obese either by a highfat diet (HFD) or by leptin deficiency (ob/ob), harbor a gut microbiota enriched in the phylum Firmicutes, and depleted in Bacteroidetes (10, 11) . Metagenomic and biochemical analyses and microbiota transplantation experiments indicate that the obesity-associated microbiota has an enhanced ability to extract energy from a given diet (10, 12) . In this context, "extraction" means an increased amount of short chain fatty acids (a by-product of bacterial catabolism of dietary fiber; nonstarch polysaccharides, and other plant components) in the cecum and decreased fecal gross energy content (measured by bomb calorimetry) indicative of increased absorption of short chain fatty acids by the host (10) . Finally, specific microbiota may trigger low grade inflammation that reduces insulin sensitivity and may affect body weight by reducing neuronal (e.g., hypothalamic) sensitivity to circulating hormones such as leptin and insulin (13, 14) .
Turnbaugh et al. reported strong effects of a HFD on the composition of the microbiota in mice (12) . Since the switch to a HFD resulted in host weight gain, it is unclear if alterations 1 Maintenance of a reduced body weight is accompanied by a decrease in energy expenditure beyond that accounted for by reduced body mass and composition, as well as by an increased drive to eat. These effects appear to be duein part-to reductions in circulating leptin concentrations due to loss of body fat. Gut microbiota have been implicated in the regulation of body weight. The effects of weight loss on qualitative aspects of gut microbiota have been studied in humans and mice, but these studies have been confounded by concurrent changes in diet composition, which influence microbial community composition. We studied the impact of 20% weight loss on the microbiota of dietinduced obese (DIO: 60% calories fat) mice on a high-fat diet (HFD). Weight-reduced DIO (DIO-WR) mice had the same body weight and composition as control (CON) ad-libitum (AL) fed mice being fed a control diet (10% calories fat), allowing a direct comparison of diet and weight-perturbation effects. Microbial community composition was assessed by pyrosequencing 16S rRNA genes derived from the ceca of sacrificed animals. There was a strong effect of diet composition on the diversity and composition of the microbiota. The relative abundance of specific members of the microbiota was correlated with circulating leptin concentrations and gene expression levels of inflammation markers in subcutaneous white adipose tissue in all mice. Together, these results suggest that both host adiposity and diet composition impact microbiota composition, possibly through leptin-mediated regulation of mucus production and/or inflammatory processes that alter the gut habitat.
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in the gut microbiota were due to dietary changes, to host adiposity, or to interactions between diet and adiposity. To show that a HFD per se can cause an alteration in the microbiota, Hildebrandt and colleagues used RELMβ KO mice that become only slightly overweight when fed a HFD (15) , yet still have significantly higher body weight and body fat content than low fat fed wild-type mice.
In the studies reported here we examined the effects of weight loss on the gut microbiota in the context of high and low fat diets (60% and 10% of calories derived from fat, respectively), while controlling for body weight. We compared the microbiotas of four groups of C57BL/6J mice: diet-induced obese mice (DIO-AL) and control (10% fat) diet-fed mice (CON-AL) given ad-libitum (AL) access to these diets, and mice weight-reduced to 20% below initial weight (weight-reduced DIO (DIO-WR) and weight-reduced control diet (CON-WR), respectively). The DIO-WR mice had body weights and body compositions similar to those of the CON-AL mice. This design allowed us to: (i) Compare diet effects on gut microbial community composition independent of body weight (DIO-WR vs. CON-AL); (ii) Compare the effects of weight loss in both lean and obese mice (DIO-WR vs. CON-WR); and (iii) Assess correlations between circulating leptin concentrations, inflammation marker expression levels in white adipose tissue, and the relative abundance of various gut bacteria.
Methods and Procedures animals
The animals used in this study are described in detail in Ravussin et al. 2011 (6) . Thirty-two 18-week old C57BL/6J-male mice were obtained from the Jackson Laboratory (Bar Harbor, ME); 16 (DIO) had been fed Research Diets,. D12492i (60% kcal fat, 20% kcal protein), and 16 (CON) had been fed Research Diets, D12450Bi (10% kcal fat, 20% kcal protein) from 6 weeks of age. Mice were individually housed upon arrival. Animals from both diet groups were randomized to remain on the AL diets or to be calorically restricted to decrease their body weight by 20% over a 1-2 week period by twice daily feeding of reduced (50%) quantities of their respective diets. The feeding regimen was then altered to keep each individual mouse weight stable 20% below their initial weight (WR). This reduced weight was maintained for 23 additional weeks to avoid "carryover" effects of the negative energy balance state required for weight loss, and to permit additional physiological analyses not reported here. All mice had AL access to water containing no bacterostatic agents throughout the entire experiment. Fat mass (FM) and fat free mass were assessed by time-domain-nuclear magnetic resonance (Minispec Analyst AD; Bruker Optics, Silberstreifen, Germany). Mice were killed after a 4 h fast during deep anesthesia. The cecum (among other organs) was removed from each mouse. Cecal content was aseptically removed, flash frozen, and stored at −80 °C until processing. The protocol was approved by the Columbia University Institutional Animal Care and Use Committee. 
Leptin assay
Following a 4 h fast on the day of killing, mice were bled retro-orbitally. Blood for leptin assays was allowed to clot for 1 h at room temperature, centrifuged 10 min. at 1,000g at 4 °C, and serum was collected and frozen at −80 °C until time of assay. Leptin was assayed using the Quantikine ELISA kit (R&D Systems, Minneapolis, MN).
cecal dna extraction
Frozen cecal samples were ground under liquid N 2 ; a subsample of ~100 mg was used for whole community DNA extraction (11): A 100 mg aliquot of each homogenized sample was suspended while frozen in a solution containing 500 µl of DNA extraction buffer ((200 mmol/l Tris (pH 8.0), 200 mmol/l NaCl, 20 mmol/l EDTA), 210 µl of 20% SDS, 500 µl of a mixture of phenol:chloroform:isoamyl alcohol (25:24:1)), and 500 µl of a slurry of 0.1-mm-diameter zirconia/silica beads (BioSpec Products, Bartlesville, OK). Microbial cells were then lysed by mechanical disruption with a bead beater (BioSpec Products) set on high for 2 min (22 °C), followed by extraction with phenol:chloroform:isoamyl alcohol, and precipitation with isopropanol. The quantity and quality of purified DNA was assessed using the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Eugene, OR) and a plate reader.
16s rrna gene Pcr amplification and sequencing 16S rRNA genes were amplified from each sample using a composite forward primer and a reverse primer containing a unique 12-base barcode (16) which was used to tag PCR products from respective samples (17) . We used the forward primer 5′-GCCTTGCCA GCCCGCTCAGTCAGAGTTTGATCCTGGCTCAG-3′: the italicized sequence is 454 Life Sciences primer B, and the bold sequence is the broadly conserved bacterial primer 27F. The reverse primer used was 5′-GCCTCCCTCGCGCCATCAGNNNNNNNNNNNNCATGCT GCCTCCCGTAGGAGT-3′: the italicized sequence is 454 Life Sciences primer A, and the bold sequence is the broad-range bacterial primer 338R. NNNNNNNNNNNN designates the unique 12-base barcode used to tag each PCR product, with "CA" inserted as a linker between the barcode and rRNA gene primer. PCR reactions consisted of HotMaster PCR mix (Eppendorf, Westbury, New York), 200 µmol/l of each primer, 10-100 ng template, and reaction conditions were 2 min at 95 °C, followed by 30 cycles of 20 s at 95 °C, 20 s at 52 °C, and 60 s at 65 °C on an Eppendorf thermocycler. Three independent PCRs were performed for each sample, combined and purified with Ampure magnetic purification beads (Agencourt Bioscience, Beverly, MA), and products visualized by gel electrophoresis. No-template extraction controls were analyzed for absence of visible PCR products. Products were quantified using Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen). A master DNA pool was generated from the purified products in equimolar ratios to a final concentration of 21.5 ng ml statistical analysis of mouse phenotypes Body weights, FM, leptin, and inflammation marker levels ( Table 1) are expressed as arithmetic means ± s.e.m. Statistical analyses were performed using JMP (version 7; SAS, Cary, NC). Two-way ANOVAs were conducted using diet (DIO or CON) and treatment (WR or AL) as grouping variables with Tukey post-hoc ANOVA. T-tests were conducted when directly comparing phenotypes of DIO-WR and CON-AL mice using JMP (version 7; SAS, Cary, NC). All statistical tests were two-tailed.
16s rrna gene sequence analysis Sequences generated from pyrosequencing barcoded 16S rRNA gene PCR amplicons were quality filtered. Sequences were removed if they were shorter than 200 nucleotide, longer than 1,000 nucleotide, contained primer mismatches, ambiguous bases, uncorrectable barcodes, or homopolymer runs in excess of six bases. The remaining sequences were denoised (18) and analyzed using the open source software package Quantitative Insights Into Microbial Ecology (QIIME (19) ). 16S rRNA gene sequences were assigned to operational taxonomic units (OTUs) using UCLUST with a threshold of 97% pair-wise identity, then classified taxonomically using the Ribosomal Database Project (RDP) classifier 2.0.1. Two highly abundant OTUs (716 and 303) were not classified beyond the phylum level (Firmicutes) with this method. For these two noteworthy OTUs, we used BLASTn against the NCBI nonredundant database, which yielded 98% and 97% ID matches to a 800 bp 16S rRNA gene sequence of a bacterium that has not been cultured (accession number FJ836349). This matched sequence was classified as belonging to the genus Allobaculum, family Erysipelotrichaceae (Firmicutes) with 100% confidence in RDP (the lack of a match with the shorter fragment is likely due to the many regions of low complexity in the short fragment which, when broken into random 7 base pairs words by the algorithm, leads to incongruent classifications).
For tree-based analyses, a single representative sequence for each OTU was aligned using PyNAST (20) , then a phylogenetic tree was built using FastTree. The phylogenetic tree was used for measuring the α-diversity (phylogenetic diversity, PD) and β-diversity (using unweighted UniFrac (21)) of samples. Student's t-tests were conducted and P values corrected for multiple comparisons. The "nearest shrunken centroid" method was used to identify OTUs that are specifically over (or under)-represented in a given category (diet, treatment, or diet-treatment combinations). The amount of shrinkage was chosen in order to minimize the overall misclassification error. The analysis was performed using the Predictive Analysis of Microarrays package under R software.
resuLts
The denoised sequence library comprised 1,276 distinct OTUs (from >300,000 reads). Measures of α-diversity reflect phylogenetic richness in each sample; we measured phylogenetic diversity or PD, a phylogenetic-tree based measure of diversity calculated as the tree-branch length present in each sample (Figure 1a) . The average PD of each treatment group was significantly different from the others, and DIO mice had higher PDs than the CON mice (P < 0.05; Student t-test, P values corrected for multiple comparisons). Bacterial communities of DIO-WR mice had the highest PD. Interestingly, the effect of weight reduction (i.e., WR vs. AL) had opposite effects on PD for the two diets: in the DIO mice the PD increased with weight reduction (t = 3, P value = 0.004), while the PD in CON mice declined with weight reduction (t = 6.7, P value = 7.31 × 10 −10 ). Finally, DIO-WR mice microbiotas had a higher PD than CON-AL mice (t = 5.6, P value = 1.4 × 10 −7 ) despite equivalent body weights and body composition. mRNA levels (normalized to cyclophilin b and presented as arbitrary units) for inflammation markers measured by quantitative reverse transcriptase PCR in inguinal fat pads (mean ± s.e.m.). Data not marked by same letter are significantly different by two-way ANOVA with Tukey honestly significant difference post hoc analysis. Direct t-tests were conducted for body weight and body composition of weight-reduced diet-induced obese (DIO-WR) and ad-libitum control diet-fed mice (CON-AL) (*P < 0.05). Significance of two-way ANOVA factors on the right hand side are denoted by *P < 0.05 and **P < 0.01.
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We performed a Principal Coordinates Analysis (PCoA) on the unweighted UniFrac distances between samples to determine to what extent diet (i.e., DIO and CON) and treatment (i.e., WR or AL) affected gut microbial community diversity (21) . Figure 1b shows a clear separation between the diets when principal coordinates 1 and 3 are plotted. In the DIO mice, the AL (blue dots) and WR (red dots) weight states can be distinguished, but such differences cannot be appreciated in the control mice between AL (purple dots) and WR (green dots) weight states. Globally, these results indicate that different diets promote different bacterial community diversity, and that weight reduction affects the gut community composition of DIO (60% fat) mice but not that of mice fed a 10% fat control diet (CON-WR). Figure 1c summarizes the relative abundances of bacterial phyla in the different mouse groups. CON mice have greater abundance of Firmicutes than DIO mice: this difference reflects the dominance of two OTUs classified as the genus Allobaculum. Mice eating a HFD (DIO-AL and DIO-WR) have greater abundances of Firmicutes (excluding Allobaculum OTUs), and lower abundances of Allobaculum OTUs, when compared to animals fed the control diet (CON-AL and CON-WR). Bacteroidetes levels are elevated in all mice ingesting the high fat diet (DIO-AL and DIO-WR) when compared to CON-AL and CON-WR mice. DIO-AL and DIO-WR mice also have a higher abundance of Deferribacteres due to the presence of Mucispirillum.
We performed a nearest shrunken centroid classification analysis to determine which OTUs account for differences in composition of the gut microbial community (22) . In addition, this analysis assesses how well a mouse microbiota is assigned to its treatment group based on its composition. In this analysis as well, the two diets are very well separated: the class error obesity articles integrative Physiology rate between the two diets is very low (P = 0.08, two mice out of 25 are misclassified). However, when analyzing diet in the context of treatment, it is not possible to distinguish between CON-AL and CON-WR (misclassification error rate = 1) while DIO-AL and DIO-WR are readily distinguishable (only one out of five and one out of six respectively, were misclassified). The "classifying OTUs" (i.e., those driving the community differences) were retrieved from this analysis (Figure 2a) and an unsupervised hierarchical clustering was performed on their abundances. The resulting heat map (Figure 2b) shows an OTU (Firmicutes; Allobaculum) that is almost absent from all of the DIO samples and is present in all but one of the CON samples.
Nearest shrunken centroid classification revealed eight OTUs that discriminated between the two diets. Seven of the eight OTUs are under-represented in CON mice and over-represented in DIO. The OTU with the greatest contrast between CON and DIO was a member of the Lachnospiraceae family of the Firmicutes phylum: this OTU is under-represented in CON (score of −0.82) and over-represented in the DIO mice (score of +1.04). An OTU classified to the genus Allobaculum was over-represented in CON (score of +0.61) and underrepresented in DIO (score of −0.78). Members of an OTU classified as the genus Mucispirillum were also positively correlated with the DIO mice (score of +0.51) and negatively correlated with the CON mice (scores of −0.4).
effect of weight reduction on composition of the microbial community
The DIO-WR mice form a separate cluster from the DIO-AL group and are intermediate between the DIO-AL and the CON animals in the PCoA plot of unweighted UniFrac distances (Figure 1b) . There is no significant difference in mean unweighted UniFrac distances within and between treatments (WR vs. AL, t = 0.82, P value = 0.41). The average unweighted UniFrac distances within and between diets is significantly different, indicating that diet type is a strong factor in bacterial diversity regardless of the abundances of specific types of bacteria (t = 9.47, P value = 9.13 × 10 −19 ). Nearest shrunken centroid analysis, which takes into account OTU abundances, indicated that four of the five DIO-AL mice, and five out of the six DIO-WR mice, could be correctly classified (overall error rate = 0.176). Five OTUs discriminated between the DIO-WR and DIO-AL. Allobaculum was enriched in the weight reduced mice and contributed most to the separation of these communities. Others, listed in order of effect size (Figure 2) Unlike DIO mice, CON-AL and CON-WR microbiotas did not segregate in the unweighted UniFrac PCoA nor on the basis of shared OTU abundances. When comparing the relative OTU abundances and the effect of the weight reduction in DIO mice, there was an increase in the abundance of Allobaculum in leaner mice, but the overall abundance of Firmicutes was constant (Figure 1c) . In the CON mice, the relative abundances of Firmicutes and Allobaculum stayed approximately the same between the AL and WR, but in the CON-WR mice there was an increase in the abundance of Allobaculum OTU_303, and a decrease in the abundance of Allobaculum OTU_716. We also noted a decrease in the relative abundance of members of the Proteobacteria phylum.
Mice of the same weight but ingesting different diets: comparison of dIo-Wr and con-aL
In the overall analysis using unweighted UniFrac, the DIO-WR formed an intermediate cluster between the DIO-AL and the CON. Predictive Analysis of Microarrays analysis comparing the microbiotas of mice of same body weights and body composition, but ingesting different diets (DIO-WR vs. CON-AL), (Figure 2a ) that accounted for differences between these two groups of mice: OTUs classified as members of the Lachnospiraceae family, the Firmicutes phylum, and the genera Bacteroides and Mucispirillum were found to be enriched in the DIO-WR mice, and Allobaculum was found to be enriched in the CON-AL mice. Abundances of OTUs belonging to the Lachnospiraceae and the Deferribacteraceae accounted for the majority of the differences between the DIO-WR and CON-AL mice. At the phylum level (Figure 1c) , the DIO-WR mice harbored higher abundances of Bacteroidetes than the CON mice. Although the CON-AL mice had higher relative abundances of Firmicutes, this trend was driven exclusively by Allobaculum OTUs: when Allobaculum OTUs were excluded, the CON-AL mice showed lower Firmicutes abundance than the DIO-WR. The Deferribacteres (e.g., genus Mucispirillum), although present in low percentage in the DIO-WR, were absent from the CON-AL.
circulating leptin, inflammation markers in inguinal fat, and bacterial community composition Circulating leptin. As expected, serum leptin concentrations were highly correlated with total FM (by nuclear magnetic resonance) (Figure 3a ; r 2 = 0.92, P < 0.0001), and there was no effect of weight loss per se on this relationship. DIO-WR mice lost significant amounts of FM and fat free mass (FM accounted for 65 ± 4% of weight loss), whereas CON-WR mice showed a significant decrease only in fat free mass that accounted for 87 ± 3% of lost weight. As a result, circulating leptin concentrations in DIO-WR mice were reduced about 80% compared to initial concentrations in DIO; whereas in CON animals, weight loss reduced leptin concentrations by only 12%. Consequently, DIO-WR mice had significantly higher circulating leptin concentrations, and slightly but not significantly higher FM, than CON-AL mice when these phenotypes are compared by direct t-test. These differences in absolute circulating concentrations of leptin reflected differences in FM only, i.e., were not due to differences in circulating leptin normalized to FM (Figure 3a) . Figure 3 shows that circulating leptin concentration is positively correlated with OTU abundance of the genera of Mucispirillum, ρ s = 0.61 P = 0.002, Lactococcus ρ s = 0.52 P = 0.008, and an unclassified Lachnospiraceae, ρ s = 0.63 P < 0.001, respectively (Figure 3b-d) . Allobaculum abundance was negatively correlated (Figure 3e ) with leptin concentration (ρ s = −0.73 P = 0.001). No patterns were detected when comparing circulating concentrations of triiodothyronine, thyroxine, insulin, or adiponectin to relative abundances of the microbiota (data not shown).
Inflammation markers. Expression levels of selected inflammatory markers and the solute carrier Slc25a25 were examined in inguinal fat pads ( Table 1) . Slc25a25 is a mitochondrial transporter that is believed to be involved in energy expenditure homeostasis; its gene expression in white adipose tissue correlates positively with diet composition and cold stress (L.P. Kozak, personal communication). Weight reduction was associated with significant decreases in Pai1 and Saa3 mRNA levels in DIO-WR compared to DIO-AL mice. Slc25a25 levels were higher in DIO mice than CON mice, regardless of weight reduction. F4/80 levels were significantly lower in CON-WR mice compared to all three other groups. Cd11c expression was significantly higher in DIO-AL than all other groups, although weight reduction per se, showed (by two-way ANOVA) near significance (P = 0.07). No significant differences in levels were seen for Il10 and Tnfα across all groups. Expression level of DioII, a gene that influences energy expenditure by peripheral tissue conversion of thyroxine to the more physiologically active triiodothyronine, was decreased in DIO-WR but increased in CON-WR animals. iNos expression was significantly decreased in DIO-WR animals but significantly increased in CON-WR animals. Figure 4 is a heatmap showing the correlations between the inflammation markers and the abundances of selected OTUs. Expression levels of Slc25a25 were strongly positively correlated with relative abundance of Bacteroides, Mucispirillum, and an unclassified Lachnospiraceae, and negatively correlated with Allobaculum. Saa3 and Pai1 were positively correlated with Lactococcus and a Lachnospiraceae. Allobaculum OTUs showed the opposite trend.
We also measured expression levels in adipose tissue of Angptl4 (also known as Fiaf) and found the WR mice to have lower levels of expression than the AL mice ( Table 1 ). Figure 4 shows a very strong correlation between Angptl4 levels and an unclassified member of the Clostridiales. Angptl4 levels also correlated with relative abundance of Lactococcus and unclassified Ruminococcaceae and Lachnospiraceae OTUs. Significant correlations are noted by *P < 0.05 and **P < 0.01 (The computed false discovery rate is about 0.25 using the Benjamini Hochberg procedure (38)).
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In this study, diet composition per se had the biggest effect on the gut microbiota. Our DIO-WR and CON-AL groups had similar body composition and weights, allowing a comparison of their gut microbiotas without the confounding effects of weight/adiposity. The differences in relative bacterial abundances between DIO-WR and CON-AL corroborate those of Hildebrandt et al., who reported an effect of diet composition independent of host body weight, although the body weights in those experiments were not as closely matched as those in the present study and the mice in our study are not segregating for a monogenic mutation (RELMβ (15)). Significant differences have been demonstrated in the diversity of the microbiotas of rodents and humans ingesting high fat and low fat diets (13, 15, 23) , but these studies do not adequately control for differences in body mass or body composition. In addition, these studies do not distinguish whether effects on gut microbiota are a result of increased caloric intake per se or the fact that the composition of the diet was higher in fat content. Our results confirm unambiguously that dietary fat content, and not increased caloric intake, affects gut microbiotas in animals of similar weights. Weight reduction affects the composition of the gut microbial community in mice and humans (8, 9, 11, 12, 24) . However, the weight loss in these studies resulted from changes in diet composition and/or changes in number of calories ingested, potentially confounding the respective contributions of diet composition, weight loss, and their interactions. We show here that, in mice fed a high fat (60%) diet, maintenance of a 20% reduced body weight affects the composition of the gut microbiota. This effect is not seen in weight-reduced mice fed a low fat (10%) diet. The different effects of weight reduction on the gut microbial community composition between these two groups of mice may reflect effects of diet, initial body weight/ composition (and attendant biological consequences), and/or their interactions.
The changes in gut microbiota observed in weight-reduced mice on the DIO diet but not on the CON diet are intriguing. This difference may be attributable to the differential effects that weight loss has on absolute changes in leptin concentrations between the DIO and CON mice. Leptin concentrations are linearly correlated with FM (Figure 3a) . DIO-WR mice lost significant amounts of FM (accounting for 65 ± 4% of weight loss), whereas CON-WR mice showed a significant decrease only in fat-free mass (accounting for 87 ± 3% of lost weight). As a result, leptin concentrations in DIO-WR mice were reduced about 80% compared to initial concentrations in DIO, whereas in CON animals, weight reduction lowered leptin levels by only 12%. Our results suggest that the effects of body weight change on the gut microbiota may be mediated, in part, by changes in circulating leptin concentrations.
A connection between circulating leptin concentrations and the composition of the microbiota is suggested by the following observations: (i) several OTUs have abundances that are correlated with circulating leptin concentrations, and (ii) some of these OTUs have been shown to interact with intestinal mucin, an important component of the intestinal milieu made up of heavily glycosylated proteins produced by endothelial cells. Mucin is important in creating micro-niches that are favored by some bacterial populations. For instance, Akkermansia and Allobaculum abundances and circulating leptin concentrations were negatively correlated, whereas Mucispirillum abundance was positively correlated with circulating leptin concentrations and showed highest relative abundance in the obese mice. These OTUs are also noteworthy because Akkermansia can subsist on mucin (25) , and Mucispirillum is known to colonize the mucus layer (26) . These relationships raise the question of whether leptin concentration affects mucin production and/or composition in the gut, which then in turn could influence the preponderance of specific populations of bacteria (27) . Administration of leptin into the colon of rats strongly stimulates mucin production; and leptin stimulates mucous production in vitro in human intestinal mucin-producing cells (HT29-MTX (27, 28) ). Humans segregating for a single nucleotide polymorphism (Q223R) in the leptin receptor are more susceptible to infection by Entamoeba histolytica (29) . Mice segregating for this same mutation, also showed increased susceptibility to Entamoeba histolytica infection, and increased apoptosis of cecal epithelium cells, suggesting that there is a direct link between leptin biology and mucosal immunity. Together, these results suggest that circulating leptin concentrations may affect the composition of the gut microbiota by affecting mucin production in the intestine. A decline in circulating leptin concentrations, as seen in the DIO-WR mice, could have a larger impact on the microbiota than a relatively small decrease in leptin concentrations observed in CON-WR mice.
The OTUs that account for the differences between DIO (WR & AL) and CON (WR & AL) mice, and are also negatively correlated to circulating leptin concentrations, belong to the genus Allobaculum, a member of the Firmicute family Erysipelotrichaceae. Interestingly, members of this family have been shown in several independent studies to change in abundance in response to changes in relative amounts of dietary fat intake (13, 30) . Furthermore, Allobaculum relative abundance has been reported to be positively correlated with plasma HDL concentrations in hamsters fed a diet supplemented with grain sorghum lipid extract (31) . In our study, both diet composition (i.e., relative amount of dietary fat; DIO vs. CON) and body weight status (AL vs. WR) correlated with Allobaculum abundances, indicating that diet composition alone cannot account for changes in relative abundance, and that some metabolic or phenotypic change caused by maintenance of lower body weight must also be involved (see Figure 3e) . Does the composition of the microbiota itself contribute causally to host adiposity? Several studies suggest that the absence of micriobiota (gnotobiotic mice raised in a germ-free environment) is protective against diet-induced obesity (32-34), although perhaps not in all mouse strain/diet combinations (30) . There are several ways in which the specific composition of microbiota might influence host adiposity (8, 35) . One is via the increased availability of short chain fatty acids produced articles integrative Physiology by microbial breakdown of complex polysaccharides, giving the host access to more of the ingested calories (11) . Another is by inducing inflammation, which can lead to insulin resistance and hyperphagia (15) . A change in microbiota induced by a high fat diet can trigger metabolic inflammation when increased gut permeability allows lipopolysaccharides to enter the circulation (14, 36) . Specific changes in microbiota preponderance that are either increased (Allobaculum) or decreased (Lachnospiraceae) following maintenance of a WR state (irrelevant of diet composition), and correlated with hormones known to influence energy homeostasis (e.g., leptin), suggest that the specific composition of the microbiota may play a role in host energy balance in weight-perturbed individuals.
We observed a correlation between certain gut bacteria (e.g., Lactococcus and unclassified Lachnospiraceae) and gene expression levels in inguinal fat of inflammation markers (Saa3 and Pai1) and a mitochondrial transporter (Slc25a25). Contrary to what we anticipated, certain inflammation markers, such as Tnfα and F4/80, were not significantly elevated in DIO-AL mice when compared to CON-AL mice ( Table 1) . These discrepancies may be related to the fat pad (inguinal) in which gene expression was tested. Koren et al. (2011) have reported correlations between relative abundance of specific members of the gut microbiota (e.g., Lachnospiraceae) and circulating markers (e.g., low density lipoprotein concentrations) known to correlate with inflammation (37) . Specific gut microbial communities induce low-grade inflammation in white adipose tissue: mice deficient in toll-like receptor 5 developed increased visceral fat, hyperlipidemia, hypertension, and decreased insulin sensitivity, an aggregate phenotype similar to that seen in humans with "metabolic syndrome;" this constellation of phenotypes can be transferred to germ-free wild-type recipients by microbial transplantation from affected animals (15) . Thus, specific phylotypes observed in our study could be drivers of inflammation, although establishing a causative role will require further testing.
Host adiposity, diet composition, and gut microbiotas interact in complex, probably reciprocal ways. Figure 5 is a schematic of these possible interactions. Leptin concentration, both circulating and within the gut, and dietary fat, may interact to affect gut mucous production, the microbiota, and barrier integrity in ways that ultimately influence adiposity. The studies described here begin to disarticulate the effects of diet and weight perturbation, per se, on relative abundances of gut microbiota. The molecular mechanisms underlying these effects on gut microbiota, and the consequent roles of these bacteria in energy homeostasis and "metabolic inflammation" are clearly areas of clinical importance. Establishing the strength and direction of the relevant arrows of causality will require some relatively straightforward extensions of the studies and techniques reported here ( Figure 5) . 
Figure 5
Schematic depicting possible inter-relationships among diet composition, gut microbiota, circulating leptin, body fat, markers of inflammation, and gut mucin. Body fat directly determines leptin production and elevated body fat increases macrophage infiltration (with associated production/release of inflammatory molecules such as tumor necrosis factor α, serum amyloid A3, and chemokine (C-C motif) ligand 2 (MCP-1) in adipose tissue). The results presented here suggest that diet composition (fractional fat content) directly affects gut microbiota independent of effects mediated by body weight and body composition. Leptin promotes proliferation, differentiation, and survival of immune cells. Leptin also stimulates mucin production in mouse and human intestinal cells (27, 28) . Mucin affects local bacterial "micro-niches" in the gut by favoring the growth of some bacteria (25, 26) . Leptin can affect intestinal barrier function by inhibiting apoptosis and promoting regeneration of intestinal epithelium (39, 40) . These changes in epithelial composition may in turn affect microbiota populations in the gut. The dashed line between body fat and gut microbiota suggests biologically possible connection(s) that might be mediated by adipocytokines or other molecules secreted from adipose tissue.
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